Object. Accuracy of reinnervation is an important factor that determines outcome after nerve injury and repair. Type grouping-the clustering of muscle fibers of the same type after reinnervation-can be used to investigate the accuracy of reinnervation. In this study, the degree of type grouping after crush injury in rats was compared with the clustering of muscle fibers after autografting or single-lumen nerve grafting.
D
espite the capacity of the peripheral nervous system to regenerate and reinnervate distal targets, the functional recovery after nerve injury and repair is often poor. Factors that can explain this poor recovery include the time between nerve injury and repair 12, 13 and misrouting of the regenerating nerve fibers.
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As for the latter, it is important to first understand well the mechanisms playing a role in rerouting of the regenerating axons, before more successful repair mechanisms than those currently available can be developed. Misdirection of regenerating motor axons is likely to result in a changed pattern of Type I and Type II muscle fibers in the target muscles. This has been found to change after nerve injury and repair in the rat sciatic nerve. 6, 14, 35 In addition to this change in fiber type distribution, clumping or clustering of muscle fibers of the same metabolic type has been described. 1, 2, 18, 28, 35 This phenomenon was described as "type grouping." In chronic denervation-reinnervation models, type grouping was presumed to be caused by the distal sprouting of axons, which in turn was necessitated by the decreased number of regenerated axons available to innervate the consistent number of muscle fibers.
In traumatic nerve injury and repair, however, the mechanism causing type grouping is possibly different. Remarkably, an increase instead of a decrease in the number of reinnervating axons distal to the autograft and synthetic, single-lumen, tube graft sciatic nerve repair was previously demonstrated. [35] [36] [37] In addition, type grouping was observed to be present in muscles distal to autografted nerves, but not in muscles distal to singlelumen tube grafted nerves. We hypothesized that this difference could be caused by a different branching pattern in the graft.
Branching is described as the increase of nerve fibers due to dichotomization just distal to the graft coaptation site. 32 In developing nerves, Schwann basal lamina scaffolds act as effective pathways to conduct nerve fibers to the motor endplates. 16 Because there is competition between different nerve fiber types that are randomly dispersed throughout the nerve, type grouping is prevented. 3, 38 The same situation occurs in single-lumen tube grafts because these branches can grow randomly in the absence of a basal lamina scaffold. In autografts, however, sibling nerve fiber branches are destined to regrow together due to the presence of the basal lamina scaffolds, Type grouping in rat skeletal muscle after crush injury Laboratory investigation and they will reach the muscle as a bundle of nerve fibers. Subsequent competition at the motor endplates is therefore now a competition between sibling nerve branches from the same motor neuron, which will permanently result in the innervation of clusters of muscle fibers by one and the same motor neuron (type grouping). 35 To further investigate this hypothesis, type grouping distal to nerve crush injury was evaluated and the results were compared with our previous study. Nerve crush injury, in which the basal lamina remains intact, is a well-established model for axonotmesis in regeneration studies. 34 According to our hypothesis, even more type grouping should be observed in muscles distal to a crushinjured nerve, because all sibling branches will originate within a single Schwann cell basal lamina tube, and out of necessity will have to regrow together through that tube, resulting in even more coherence within the muscle. This is in contrast to autografted nerves, in which nerve branches have at least some possibility to disperse at either the proximal and/or distal coaptation site. 39 In this study we investigated the morphology of the rat peroneal nerve and the gastrocnemius muscle distal to a sciatic nerve crush injury. We compared these results with unoperated, autografted, and synthetic single-lumen tube grafted rats (TMC hollow synthetic nerve grafts), which were described previously in another study.
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Methods
Animal Model
A total of 27 female Wistar rats (HsdCpb:WU) weighing 220-240 grams were used for this study. Rats were housed in flat-bottomed cages in a central animal care facility, and maintained on a 12-hour light/dark cycle regimen at a controlled temperature of 22°C. Standard rat chow and water were available ad libitum. Animals were randomly assigned to the control group or to 1 of 3 sciatic nerve injury groups. Four unoperated rats served as controls, 12 rats received an autograft, 5 rats received a TMC graft, and 6 rats underwent a crush injury. All injury experiments were performed on the left sciatic nerve. Muscles innervated by an autografted nerve are referred to as "autograft muscles," and peroneal nerves distal to an autograft are referred to as "autograft peroneal nerves." A similar nomenclature is used for the muscles innervated by TMC grafted nerves and crushed nerves, and peroneal nerves distal to TMC nerve grafts and crushed sciatic nerves. Muscles innervated by a grafted or crushed nerve can also be referred to as "experimental muscles." All experiments were performed in accordance with international and local laws governing the protection of animals used for experimental purposes (UDEC, Leiden, 99105) .
Surgical Procedures
For the grafting procedure, rats were given general inhalation anesthesia of isoflurane in a 1:1 mixture of O 2 and N 2 O. To improve anesthesia and reduce postoperative pain, 0.1 ml of 0.3 mg/ml buprenorphine (ScheringPlough) was injected intraperitoneally. Microsurgical dissection was performed with the aid of a Zeiss operating microscope under aseptic conditions. All animals were operated on in the same time span by the same surgeon. The left sciatic nerve was exposed and isolated at the mid-thigh level via a dorsal approach. In rats receiving an autograft, a 6-mm long segment of the sciatic nerve was resected. This nerve segment (autograft) was reversed longitudinally and coapted without tension with 4 epineurial sutures at each end using 10-0 monofilament nylon. In rats receiving a TMC graft, a 2-mm nerve segment was resected. Two millimeters of the proximal and distal nerve stumps were inserted into each end of the synthetic nerve graft, leaving an interstump distance of 6 mm. Fibrin glue (Tissucol, Baxter) was used to affix the nerve stumps in the synthetic nerve grafts. The TMC grafts were hollow synthetic nerve grafts consisting of 2 layers. The inner layer was fabricated by a dip-coating technique and consisted of nonporous TMC, and the macroporous outer layer consisted of fibers of a TMC/ caprolactone copolymer with 11/89 (mol%) of TMC and caprolactone, respectively, that was spun around the inner layer. The preparation of these tubes was comprehensively described in previous studies. 26, 27 For the crush injury, the sciatic nerve was pinched with a jeweler's forceps number 5 for 5 seconds, 6 mm distal to the sciatic notch. 5 The wound was closed in layers. In control animals, the right-sided sciatic nerve was harvested as well. The postoperative survival period was 12 weeks.
Peroneal Morphological Analysis
Histology. To collect the unoperated, grafted, and crushed nerves, the rats were anesthetized as described above, and the sciatic, tibial, and peroneal nerves were exposed at the mid-thigh level via a dorsal approach. Each grafted nerve was examined macroscopically. The (grafted) sciatic nerve was resected at the level of the sciatic notch to a point at least 1.5-cm distal to the division in the tibial and peroneal nerve, and the animals were killed. Vessels and residual nonneural tissue were removed from the isolated (grafted) nerve under a dissection microscope. The epineurium was carefully resected. In vitro electrophysiological recordings were performed, which are described below. After the electrophysiological recordings, the tissue was stored in 4% formaldehyde solution. The immersion fixation was continued for some days in a modified Karnovsky fixative containing 2% paraformaldehyde and 1.25% glutaraldehyde. 8, 10 Next, the tissue samples were osmicated in 1% solution of osmium tetroxide for 2 hours under constant agitation. Before and after osmication the tissue was repeatedly rinsed in 0.1 M phosphate-buffered saline at pH 7.2. Upon dehydration in an ascending series of ethanol rinses, the osmicated nerve samples were embedded in Epon (Merck). Transverse 1-mm sections were cut on a Reichert ultramicrotome (Leica). The sections were stained with a 1% toluidine blue/1% borax solution. 8 Microscopy and Image Analysis. The nerve area (total surface of cross section, A nerve ) was measured automatically using a Zeiss Kontron KS-400 image analyzer at a magnification of 6. Microscopic video images cover-ing 3 sample areas of approximately 21,000 mm 2 each (50%-75% of the total area of the nerve) were obtained at a magnification of 40. All light microscopically identifiable myelinated nerve fibers in the sample areas were counted (number of nerve fibers, N sample ), and their profile areas (nerve fiber areas, F area ) were measured automatically at a magnification of 890. The nerve fiber area included the area of both the axon and the myelin sheath profile. The mean nerve fiber diameter (calculated from the imaginary circle corresponding to the nerve fiber area (2√(F area /p)), and the fiber density (number of nerve fibers per 1000 mm 2 ) were calculated, and the total number of nerve fibers per nerve was estimated (A nerve × (N sample /sample area)). Diameters of the nerve fibers were distributed into 180 classes of 0.1-mm each, and plotted against the percentage of the number of fibers present in that class. The distribution of fiber diameters can aptly be described by a lognormal function. 9, 11, 37 
Muscle Morphological Analysis
Immediately following the resection of the sciatic nerves, the gastrocnemius muscles were exposed, resected, embedded in Tissuetek (Sakura), rapidly frozen in liquid-nitrogen-cooled isopentane, 24 and stored at -80°C. Serial cross-sections (10-mm thick) from the muscles were cut at the level of the largest diameter of the muscles. We stained the cross-sections for myofibrillar adenosine 5ʹ-triphosphatase at pH 9.4 according to Brooke and Kaiser. 4 Microscopic video images covering the entire crosssection were taken at a magnification of 6. The muscle CSA was measured semiautomatically with a Vidas image analyzer (Zeiss Kontron). The muscle CSA reflects the total area of the muscle fibers and does not include the surrounding fibrotic or fatty tissues, the areas of which were measured and subtracted. Type I muscle fibers were scarce in the studied muscles, and therefore the total Type I muscle fiber CSA was measured separately semiautomatically by the Vidas image analyzer and the number of Type I muscle fibers was counted. The Type I muscle fiber CSA was calculated by division of the total Type I muscle fiber CSA by the number of Type I muscle fibers. Microscopic video images covering 3 sample areas of 4.63 mm 2 each (approximately 20% of the total area of the control gastrocnemius muscle) were obtained at a magnification of 10. Muscles smaller than 15 mm 2 were measured entirely. The sample area CSAs reflect the areas of all muscle fibers and do not include the fibrotic or fatty tissues, the areas of which were measured automatically using the Zeiss Kontron KS-400 image analyzer and subtracted (sample area CSA). All light-microscopically identifiable muscle fibers in the sample areas or entire muscles were counted (number of muscle fibers). The total number of muscle fibers was calculated from the muscle CSA, the sample area CSAs, and the numbers of muscle fibers per sample. The number of Type I muscle fibers was subtracted from the total number of muscle fibers and thus the number of Type II muscle fibers was calculated. The total Type I muscle fiber CSA was subtracted from the muscle CSA, and thus the Type II muscle fiber CSA was calculated. The muscle CSA was divided by the total number of muscle fibers, resulting in the mean muscle fiber CSA.
Type Grouping Analysis
We define a cluster of Type I muscle fibers as any group of at least 2 adjoining Type I muscle fibers flanked by Type II muscle fibers. Two different methods were applied to determine the extent to which Type I muscle fibers clustered. The first method was to calculate the type grouping percentage: 2 The second method was to evaluate the distribution of the Type I cluster sizes. In each muscle the Type I clusters were identified and their size and frequency of occurrence were scored. Subsequently the mean frequency of occurrence per Type I cluster size was determined, and finally the frequency of occurrence was calculated as the percentage of the total number of Type I clusters, and plotted against the cluster size in a histogram. Size and frequency of occurrence of the Type I clusters were scored in the gastrocnemius muscles, and the percentage frequency of occurrence was calculated. For statistical comparison the cluster size-frequency parameter was calculated for each histogram:
A cluster size-frequency parameter larger than controls signifies that the clusters tend to be larger, more numerous, or both. For representative purposes the data from the cluster size-frequency histograms were lumped into 3 groups (cluster sizes 1, 2-12, and > 12) to compensate for the large range of cluster sizes. These data were portrayed as pie charts.
Statistical Analysis
The means of all parameters were shown with standard deviations (mean ± SD). Student t-tests were applied to the means to compare the control values with the values in the experimental groups. A 1-way ANOVA was applied to the values of the experimental groups, followed by the Tukey multiple comparisons test of least significant differences to investigate differences between the groups. Kolmogorov-Smirnow tests were applied to the different nerves and to the different samples per nerve for comparison of size distributions. 19, 31 The SPSS statistical program (version 16.0) and Origin (version 5.0) were used for fitting and statistical analysis. Probability values < 0.05 were considered statistically significant.
Results
Immediately upon infliction of the crush injury the lesion appeared as a transparent impression of the nerve. Although this distension decreased with time, the site of injury could still be detected after 12 weeks. All autografted nerves exhibited a patent graft at 12 weeks after surgery. The diameter of the grafted part was slightly attenuated and some connective tissue was present around the coaptation sites. 35 The TMC grafts had partially degraded 12 weeks after surgery, but remained clearly distinguishable from the nerve. The grafts were surrounded by connective tissue, but could easily be distinguished from the surrounding muscles and blood vessels. 35 The nerves distal to autografts, TMC grafts, and crush injury appeared firm and shiny white, without the softening one would expect after Wallerian degeneration. 30 
Morphology of the Peroneal Nerve
Sections viewed using light microscopy demonstrated that regenerating peroneal nerves were vascularized and enclosed in a connective-tissue sheath. These sections contained many myelinated axons, abundant endoneurial connective tissue, and blood vessels ( Fig. 1 left column) . The nerve fibers were obviously more abundant in number, but much smaller in diameter. The myelin sheaths of the nerve fibers in graft nerves were thin in comparison with those in controls ( Fig. 1 center column) . The nerve fibers were frequently fasciculated within areas of size comparable to the size of single myelinated fibers in the control nerve ( Fig. 1 center column) , suggesting regeneration of several nerve fibers through single Schwann-cell basal laminar scaffolds that persisted after Wallerian degeneration of the original myelinated nerve fibers. 22 The fiber diameter frequency distributions ( Fig. 1 right column) demonstrated that in regenerating peroneal nerves fiber diameters shifted to smaller sizes, and that the number of fibers increased.
The morphometric analysis demonstrated that all nerve areas were of comparable size ( Fig. 2A) , that fiber diameters were diminished in regenerated nerves (Fig.  2B) , that in autografted and crushed nerves the total number of nerve fibers was increased (Fig. 2C) , and that the density of nerve fibers increased in autograft nerves (Fig.  2D ). Kolmogorov-Smirnow tests revealed a homogeneous fiber size distribution throughout control nerves, and a homogeneous fiber size distribution within individual control nerves. In the regenerating nerves, both heterogeneity and homogeneity in fiber size distributions between nerves, and within individual nerves, were encountered.
Morphology of the Gastrocnemius Muscle
After 12 weeks of regeneration no areas with atrophy were observed in any of the experimental muscles. The gastrocnemius muscle demonstrated mainly Type II muscle fibers. In crush nerve muscles, Type I muscle fibers were present in clusters (Fig. 3B) , which was in contrast to the configuration of the Type I muscle fibers in unoperated muscles (Fig. 3A) .
The Type I fibers of crush nerve muscle were mainly located in the left and right lateral belly of the muscle, as noted in controls, but not in the autograft and TMC graft muscle groups. The muscle CSA of crush muscle was comparable to control muscle. In autograft and TMC graft muscle a decline in muscle CSA was observed (Fig.  4A) . The mean muscle fiber CSA of all the experimental groups was significantly smaller than in the control group (Fig. 4B) , although no significant difference could be demonstrated in the number of muscle fibers (Fig. 4C) .
In crush and TMC graft muscle the number of Type I muscle fibers was comparable to the controls. Autograft muscle demonstrated fewer Type I muscle fibers than control muscle. The mean number of Type II fibers was equal in all groups (Fig. 4D) . The Type II muscle fiber CSA of all the experimental groups was smaller than in the control group. No significant difference was observed between the groups in the Type I muscle fiber CSA (Fig. 4E) .
Type Grouping in the Gastrocnemius Muscle
In control muscles, single Type I fibers were mostly Light microscopic cross-sections and diameter frequency distributions of the peroneal nerve of unoperated (control) and experimental nerves. Left column: Light microscopy transverse 1-mm crosssections of peroneal nerves, immersion fixed, and stained with a 1% toluidine blue/1% borax solution. The regenerated peroneal nerves had the same thickness as the control nerve, and appeared healthy. Center column: Enlarged samples of the depicted cross-sections, their position indicated by the inset squares in the left column. The diameter of the regenerated nerve fibers was smaller compared with control nerve fibers, and the myelin sheath was thinner. Often multiple fibers were fasciculated within areas of size comparable to the size of single myelinated fibers in the control nerve. Right column: Bar graphs demonstrating fiber diameter frequency distributions. For each graph the data were lumped into 28 diameter classes (bin size 0.5 mm), and plotted against the number of nerve fibers present in that class. A general decrease in the diameter range of all regenerating nerve fibers is evident. scattered in a mosaic-like pattern through the entire muscle or clustered in small groups, as previously described in the literature. In our experimental muscles this pattern was changed. The area of predominance of the Type I fibers in the lateral belly of the gastrocnemius muscle was not recognizable in autograft and TMC muscles and Type I fibers were grouped in large clusters. Even macroscopically, type grouping appeared more abundant in crush muscles than in autograft muscles. However, no significant increase in the number of crush Type I fibers could be demonstrated (Fig. 4D) , implying that as a result of regeneration through a crushed nerve the number of Type I muscle fibers had not changed, but their regional distribution had.
Morphometric analysis with type grouping percentages confirmed our observations. A significant increase in type grouping was found in crush muscles compared with unoperated and even autograft muscle (Fig. 5A) .
The tendency of clustering of Type I fibers in crush and autograft muscles is demonstrated also by the frequency of occurrence of Type I clusters (Fig. 5B-E) . In crush muscle the lowest percentage of single Type I fibers and the highest percentage of large fiber clusters is present. In agreement with our other findings, the cluster sizefrequency parameter demonstrated a significant increase in crush and in autograft muscles compared with control values, indicating the presence of larger groups of Type I fibers (Table 1) .
Discussion
This study demonstrated the influence of uninterrupted guidance of regenerating motor axons through basal lamina tubes on the accuracy of muscle reinnervation with more type grouping after crush injury compared with autograft or artificial nerve graft repair. As stated in the introduction, we expected type grouping to be most abundant in muscles distal to crushed nerves in comparison with grafted nerves, and indeed a higher percentage of type grouping was observed in this group.
We demonstrated an increase in the number of nerve fibers distal to the crush injury, thereby invalidating again the possibility that type grouping was due to a huge decrease in the number of nerve fibers arriving at the target muscle (Fig. 2C) . The branches emerging from the regenerating proximal nerve fibers are unable to disperse in the nerve due to the persistence of Schwann basal lamina scaffolds. Hypothetically, these nerve fibers could be the siblings of only a small number of nerve fibers that regenerated. This would also result in type grouping. But this cannot be the explanation, because regeneration through a crush injury site is much better than through an autograft or a synthetic nerve graft. De Ruiter et al. 6 demonstrated that in crush injury 71% of the proximal nerve fibers regenerated successfully, in contrast to 42% successful outgrowth in epineurial coaptated nerves and 25% in autografted nerves. It is to be expected that the successful outgrowth in synthetic nerve grafts is even worse. If it were true that type grouping would be caused by insufficient outgrowth of proximal nerve fibers and extensive branching, type grouping would be most abundant in synthetic nerve grafted muscle, which is not in agreement with our results.
Sibling branches are destined to enter the muscle in a particular perimysial territory. Initially, polyneural innervation of muscle fibers will be established, as noted in normal development. 15, 17, 21, 29, 33 Later elimination of supernumerary synapses will reestablish mononeuronal innervation of each muscle fiber. 15, 17, 38 Normally competition between nerve fibers originating from different motoneurons will prevent type grouping. In crush injury and to a slightly lesser extent in autograft the competition takes place between sibling branches of a single motoneuron. The significant difference in the extent of type grouping between crush and autograft muscles is explained by the impossibility of sibling branches in crushed nerves to escape from their basal lamina scaffold. This is in contrast to the nerve fibers in autografted nerves, which can (to some extent) disperse at the coaptation sites. 32 The muscle CSA and mean muscle fiber number of gastrocnemius muscles distal to crush injured nerves are superior to autograft and TMC graft muscles. This is in agreement with the favorable results that are often claimed after the fast and efficient nerve regeneration in crushed nerves. 7, 18 The observation that the total number of muscle fibers in autograft and TMC graft gastrocnemius muscle did not demonstrate a significant decrease indicates that most muscle fibers were indeed reinnervated.
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In addition to the study of de Ruiter et al., 6 regenerating axons were also observed by other groups, using mice that express fluorescent proteins in a subset of their axons to investigate accuracy of regeneration and muscle innervation. 23, 25, 39 Although these studies using mice with fluorescent proteins have provided important insight into the process of regeneration, the rat sciatic nerve model remains the most commonly used model in nerve injury and repair. Our study shows that in this model, type grouping can also be applied to investigate the accuracy of reinnervation. The combination of these techniques may provide insight into the accuracy of regeneration and reinnervation and may help in the development of new nerve repair techniques that are aimed at decreasing misdirection to improve the results of clinical nerve repair. The results of the present study thereby also show the importance of guiding structures to increase the accuracy of reinnervation. Of course, although it is not possible to reattach all the basal lamina tubes after transection injury, it may be possible in the future to guide regenerating axons into their original basal lamina tubes.
Conclusions
This study demonstrated that type grouping is more abundant in muscles distal to crushed nerves than in muscles distal to autografted nerves. Nerves that are merely crushed have an intact basal lamina scaffold and therefore the regenerating nerve fiber sibling branches are destined to remain together, leading to grouped reinnervation. This model adds to our understanding of guiding of axons in peripheral nerve regeneration. 
Group
Gastrocnemius Muscle (mean ± SD) control 1.5 ± 0.3 autograft 3.1 ± 1.3* TMC graft 1.6 ± 0.8 crush 3.9 ± 0.6* * Significantly different compared with control muscle. 2-12 (black) , and > 12 (white) in the control, autograft, crush, and TMC graft groups. Crush resulted in the lowest percentage of size 1 fiber clusters (unclustered fibers), and the highest percentage of both 2-12 and > 12 fiber clusters, followed by autograft.
